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The cell types of the plant root are first specified
early during embryogenesis and are maintained
throughout plant life. Auxin plays an essential role
in embryonic root initiation, in part through the action
of the ARF5/MP transcription factor and its auxin-
labile inhibitor IAA12/BDL. MP and BDL function in
embryonic cells but promote auxin transport to adja-
cent extraembryonic suspensor cells, including the
quiescent center precursor (hypophysis). Here we
show that a cell-autonomous auxin response within
this cell is required for root meristem initiation.
ARF9 and redundant ARFs, and their inhibitor
IAA10, act in suspensor cells to mediate hypophysis
specification and, surprisingly, also to prevent trans-
formation to embryo identity. ARF misexpression,
and analysis of the short suspensor mutant, demon-
strates that lineage-specific expression of these
ARFs is required for normal embryo development.
These results imply the existence of a prepattern
for a cell-type-specific auxin response that underlies
the auxin-dependent specification of embryonic cell
types.
INTRODUCTION
Early embryogenesis in plants generates the primary organs that
support further postembryonic development. Importantly, stem
cell (SC) niches (meristems) for the shoot and root systems are
initiated early during embryogenesis (Weigel and Ju¨rgens,
2002). These meristems contain SCs (also called initial cells)
and organizer cells (OCs; quiescent center [QC] cells in the
root) that prevent differentiation of the adjoining SCs (van den
Berg et al., 1997). After their establishment in the embryo, shoot
and root meristems are maintained throughout the life of the
organism, and produce most of the plant body postembryoni-Developmcally. Despite their fundamental importance for plant develop-
ment, the mechanisms underlying the initiation of meristems in
the early embryo are not yet well understood.
Currently, most known factors that control root meristem initi-
ation in Arabidopsis thaliana converge on the activity of the tran-
scription factor AUXIN RESPONSE FACTOR5/MONOPTEROS
(ARF5/MP; reviewed in Mo¨ller and Weijers, 2009). MP accumu-
lates in embryonic cells (Weijers et al., 2006), and mutations in
the MP gene prevent specification of the hypophysis, leading
to rootless seedlings (Berleth and Ju¨rgens, 1993). MP is regu-
lated by the plant hormone auxin through association with
the interacting BODENLOS/Aux/IAA12 (BDL) inhibitor protein
(Hamann et al., 2002), which is degraded in response to auxin
(Dharmasiri et al., 2005). A mutation in BDL that prevents degra-
dation leads to phenotypes that are identical to those in mp loss-
of-function mutant embryos (Hamann et al., 1999).
MP accumulates in embryonic cells and controls hypophysis
specification non-cell-autonomously. In part, auxin appears to
mediate MP-dependent hypophysis specification: the auxin
efflux carrier PIN1 becomes polarly localized in embryonic cells,
pointing toward the suspensor, and the auxin-responsive DR5
reporter gene is activated in the hypophysis around the time of
its specification as evidenced by hypophysis-specific gene
expression reporters (Weijers et al., 2006; Haecker et al.,
2004). Both PIN1 expression and DR5 activation are strongly
downregulated in mp mutant embryos (Weijers et al., 2006).
Although activation of auxin response in the uppermost
suspensor cell is probably not sufficient for hypophysis specifi-
cation, but may also need other factors, such as the TARGET
OF MONOPTEROS7 (TMO7) protein (Schlereth et al., 2010),
loss of DR5 activity in the hypophysis is strongly correlated
with a failure to initiate the root meristem in several other mutants
(Friml et al., 2003). However, a major unresolved question is
whether auxin response in the future hypophysis is actually
required for root meristem initiation, and if so, which ARF and
Aux/IAA transcription factors mediate this response.
ARFs and Aux/IAAs are encoded by large families with 23 and
29 members, respectively, in Arabidopsis (Remington et al.,
2004). Because the expression pattern and mutant phenotype
in the embryo has not been explored for but a few of these genes,ental Cell 22, 211–222, January 17, 2012 ª2012 Elsevier Inc. 211
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Figure 1. Reduced Auxin Activity in
Suspensor Cells Causes Defective Hypoph-
ysis and Root Formation and Leads to
Enhanced Proliferation
(A) DR5-GFP expression (green signal) in a glob-
ular-stage wild-type embryo. Note that in addition
to the hypophysis (arrow), three subtending
suspensor cells also express the marker (aster-
isks).
(B–E) Patterns of GUS activity (blue staining)
directed by RPS5A (B), J3281 (C), M0171 (D), and
KS068 (E) GAL4 driver lines in F1 embryos result-
ing from crosses between each driver and the
UAS-bdl;UAS-GUS line.
(F–J) Phenotypes of wild-type (F), RPS5A[bdl
(G), J3281[bdl (H), M0171[bdl (I), and
KS068[bdl (J) F1 embryos. Cells in suspensors
of bdl-expressing embryos divide excessively, and
along aberrant planes, in contrast to the single-file
wild-type suspensor.
(K) taa tar1 tar2 triple mutant embryo displaying
altered cell division planes in suspensor cells
(arrow).
(L–O) Phenotypes of F1 seedlings derived from
RPS5A[bdl (L), J3281[bdl (M), M0171[bdl
(N), and KS068[bdl (O) crosses. In each case,
the root is completely absent, whereas in
RPS5A[bdl, twin seedlings develop (L), and in
J3281[bdl and M0171[bdl, lateral or apical
outgrowths are found.
See also Figure S1.
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dent hypophysis specification. Importantly, auxin response is
activated both in embryonic cells and in suspensor cells, but
the cellular processes that are associated with this response
are vastly different. Another major question is how accumulation
of auxin in these two cell types can lead to different develop-
mental responses.
Only the uppermost suspensor cell is respecified as hypoph-
ysis, and this local specification may rely on transport of the
TMO7 transcription factor to this cell (Schlereth et al., 2010).
The other suspensor cells do not contribute to the mature
embryo. Interestingly, however, these cells do have a wider
developmental potential and can develop into embryo cells.
Excessive division of normally quiescent suspensor cells has
previously been observed in the abnormal suspensor (sus) and
twin (twn) classes of mutants (Schwartz et al., 1994; Vernon
and Meinke, 1994; Zhang and Somerville, 1997). Based on
the expression of embryo-specific genes or morphological
properties, suspensor cells in these mutants develop embryo
characteristic. In all but one of these mutants, the suspensor212 Developmental Cell 22, 211–222, January 17, 2012 ª2012 Elsevier Inc.proliferation is preceded by arrest or
strong impairment of pro-embryo cells
as is the case after induced ablation of
the primary embryo (Haccius, 1955;
Weijers et al., 2003). Therefore, no cell-
autonomous regulators that control
suspensor versus embryo identity have
been identified. Importantly, it is currently
unknown whether this developmentalresponse in suspensor cells is mechanistically related to the
specification of hypophysis identity in the uppermost cell.
Here we investigate the role and nature of the auxin response
machinery in the suspensor. We find that a cell-autonomous
auxin response is required for hypophysis specification and
root meristem initiation, and identify Aux/IAA and ARF transcrip-
tion factors that mediate this response. Surprisingly, we find
that, in addition to mediating hypophysis specification, auxin
response also acts to maintain suspensor cell identity. Finally,
we find that the auxin response components in the pro-embryo
and the suspensor are intrinsically different, and that their regu-
lated, lineage-specific expression creates a prepattern enabling
different developmental auxin responses.
RESULTS
Auxin Cell Autonomously Controls Hypophysis
and Suspensor Cell Fate
The auxin-responsive DR5 reporter is activated in the hypoph-
ysis around the time of its specification (Figure 1A), and
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Stepanova et al., 2008) or transport (Friml et al., 2003; Weijers
et al., 2006) in the pro-embryo lead to a loss of its expression
associated with a failure to initiate the root meristem. This corre-
lation suggests a requirement for auxin response in hypophysis
specification, but direct evidence is lacking.
Previously, we demonstrated that auxin response can be
blocked in discrete domains of the pro-embryo by locally ex-
pressing a nondegradable bdl protein using the GAL4-UAS
two-component system (Weijers et al., 2006). Given the limited
specificity of stabilized aux/iaa proteins for ARF proteins (Weijers
et al., 2005; Muto et al., 2007), bdl misexpression should in prin-
ciple inhibit most ARFs expressed in a cell. After prescreening an
embryo-expressed subset of GAL4 driver lines (see Table S1
available online), we selected four drivers that express GAL4 in
suspensor cells. Two of these, RPS5A and J3281 (Figures 1B
and 1C), are ubiquitously expressed, and two, M0171 and
KS068 (Figures 1D and 1E), are restricted to suspensor cells until
the globular stage. When crossed with the GAL4-dependent
UAS-bdl line, we observed erroneous hypophysis divisions
(e.g., RPS5A[bdl: 15% at eight-cell stage [n = 46]; 100% at
globular stage [n = 73]; M0171[bdl: 31% at globular stage
[n = 149]; 83% at early heart stage [n = 126]) and subsequently
rootless seedlings (Figures 1G–1J and 1L–1O; compare to
wild-type in Figure 1F) with all four GAL4 lines, whereas control
crosses with UAS-BDL showed normal development (e.g.,
RPS5A[BDL: 100%at eight-cell stage [n > 100]; 100%at glob-
ular stage [n > 100]). These results indicate that auxin response in
the suspensor is required for hypophysis specification.
Interestingly, in addition to the hypophysis defects, additional
phenotypes were observed upon misexpression of bdl in
suspensor cells. In wild-type embryos, suspensor cells undergo
few rounds of anticlinal cell division to yield a filamentous struc-
ture of one cell diameter before cell division stops. Inhibition of
auxin response in the suspensor caused excessive divisions in
suspensor cells. Extra divisions could either be horizontal, or
along aberrant planes (Figures 1H–1J). Defects were found
shortly after the onset of bdl misexpression (Figure S1) and
continued until late stages. These, however, developed complex
phenotypes that include pro-embryo defects (e.g., Figures 1J,
1N, and 1O) presumably as secondary consequence of the initial
suspensor defects, or later expression of bdl in the pro-embryo
(Figure S1; Table S1).
Importantly, bdl-induced suspensor proliferation in
M0171[bdl and KS068[bdl embryos was not preceded by
pro-embryo defects (Figure 1I; Figure S1), unlike in most sus
(Schwartz et al., 1994) and twin (Vernon and Meinke, 1994;
Zhang and Somerville, 1997) mutants that also show excessive
suspensor proliferation. Furthermore, expression of bdl using
the pro-embryo-specific driver line Q0990 did lead to hypoph-
ysis defects (Weijers et al., 2006), but not to proliferation of
suspensor cells (data not shown). Hence, we conclude that auxin
response is cell autonomously required to control suspensor
proliferation in addition to specification of the hypophysis.
Accumulation of a stabilized Aux/IAA protein should render
a cell insensitive to auxin by constitutively inhibiting available
ARF proteins. Thus, similar phenotypes should arise when auxin
itself is absent and Aux/IAA proteins are not degraded. To deter-
mine if this is indeed the case for the suspensor proliferationDevelopmdefects observed upon suspensor-specific bdl expression, we
analyzed embryo phenotypes of a mutant deficient in the redun-
dant auxin biosynthesis genes TAA1, TAR1, and TAR2 (Stepa-
nova et al., 2008). This triple mutant has previously been shown
to display hypophysis division defects leading to rootless seed-
lings (Stepanova et al., 2008). Closer inspection of early embryos
in this mutant showed suspensor defects (Figure 1K) similar to
those found in M0171[bdl or KS068[bdl. The taa1 tar1 tar2
phenotypes in the suspensor are generally weaker than those
induced by bdl misexpression, presumably due to residual auxin
biosynthesis. The finding that auxin deficiency causes suspensor
division defects suggests that an endogenous auxin response
pathway controls suspensor development. Consistent with this
finding, misexpression of wild-type BDL from the same set of
promoters did not cause any defects in suspensor development
(data not shown), which demonstrates that auxin-dependent
degradation of BDL protein is operational in suspensor cells.
An Auxin Response Maintains Suspensor Cell Identity
The excessive divisions of suspensor cells upon inhibition of
auxin response could be the result of these cells losing quies-
cence, and additionally or alternatively of a transformation
of their extraembryonic cell fate toward embryonic identity. Inter-
estingly, we occasionally found true twin embryos and seedlings
upon suspensor-specific bdl expression (Figure 1L), favoring
the latter interpretation. To determine the identity of exces-
sively dividing suspensor cells, we used molecular markers.
Throughout embryogenesis up to the heart stage, expression
of theM0171[GFP reporter is normally confined to suspensor
cells (Figures 1D and 2A; Figure S1). In M0171[bdl embryos,
however, GFP expression was strongly reduced after the initial
expression (Figure 2B), which indicates that there is at least
a partial loss of suspensor identity.
We next analyzed the expression patterns of three genes,
whose transcripts are only found in the pro-embryo of wild-type
embryos, and which can be considered embryonic markers in
this context. Strikingly, the expression of all three genes—MP
(Hardtke and Berleth, 1998), SHOOT MERISTEMLESS (STM;
Long et al., 1996), andWUSCHEL (WUS; Mayer et al., 1998)—was
detected in excessively dividing suspensor cells of RPS5A[bdl
embryos (Figures 2C–2F). The disorganized expression domains
of these three genes in suspensor-derived embryo structures are
consistent with the later defects in seedling organization (Figures
1L–1O). Prolonged RPS5A[bdl expression led to secondary
defects at later stages of development (Figure 1G), and these are
accompanied by loss of MP and WUS expression (Figures 2D
and 2E). This phenotype, however, is not due to impaired viability
of the pro-embryo, because the cell division marker KNOLLE
(Lukowitz et al., 1996) is normally expressed in defective
RPS5A[bdl embryos (Figures 2G and 2H). This result strongly
suggests that upon inhibition of auxin response, suspensor cells
lose their extraembryonic identity and at least partially gain
embryonic cell fate. By inference, this means that auxin response
is required in these cells to maintain extraembryonic cell fate.
Identification of IAA10 as a Component of the
Suspensor-Specific Auxin Response Machinery
The phenotypic defects caused by misexpression of bdl in the
suspensor reveal the existence of an auxin response with anental Cell 22, 211–222, January 17, 2012 ª2012 Elsevier Inc. 213
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Figure 2. Inhibition of Auxin Response Causes
a Transformation from Suspensor to Embryo
Identity
(A and B) Expression of the suspensor-specific
M0171[GFP marker (green signal) in M0171[COL
(A, control) and M0171[bdl (B) embryos. Expression is
strongly reduced in suspensor cells expressing bdl.
(C and D) In situ hybridization ofMP transcript (brown-red
staining) in wild-type (C) and RPS5A[bdl (D) embryos.
The embryo-specific MP transcript is activated in prolif-
erating suspensor cells and simultaneously lost in the pro-
embryo in RPS5A[bdl embryos.
(E) Expression of the shoot meristem-specific WUS
transcript in the center of proliferating RPS5A[bdl
suspensor cells.
(F) Expression of shoot meristem-specific STM tran-
script in proliferating RPS5A[bdl suspensor cells. The
suspensor-derived embryo-like structure is marked with
an asterisk in (D)–(F).
(G and H) Expression of the cytokinesis-specific KNOLLE
transcript in RPS5A[bdl embryos.
Developmental Cell
Auxin Control of Cell Fates in the Plant Embryounknown auxin response machinery at its base. The core of
canonical auxin responsemachineries is formed by pairs of inter-
acting Aux/IAA and ARFs (reviewed in Lokerse and Weijers,
2009). Whereas gene expression changes are affected by the
DNA-binding ARF, auxin dependence is conferred by the inhib-
itory Aux/IAA protein.
To identify which of the 29 Aux/IAA genes are expressed in
suspensor cells, we first analyzed publicly available microarray
data sets for embryos (Le et al., 2010) but found these inconclu-
sive because expression data at early stages of embryogenesis
are only available for one-fifth of the Aux/IAA genes (data not
shown), and mRNA abundance as predicted by these arrays
did not match in situ hybridization patterns in several cases
(data not shown).
Subsequently, we examined data sets (Birnbaum et al., 2003;
Brady et al., 2007) for cells that originate from suspensor cells. In
the seedling root, these are the columella root cap and QC cells,
both derived from the hypophysis. Arguing that suspensor-
specific Aux/IAA genes may also be enriched in suspensor
descendants, we focused on six Aux/IAAs (IAA7/AXR2, IAA10,
IAA11, IAA17/AXR3, IAA20, and IAA33) that showed preferential
expression in columella cells (Figure S2A). Of these, IAA20
and IAA33 are noncanonical Aux/IAAs lacking essential domains
for auxin-dependent inhibition of ARFs (Dreher et al., 2006;
reviewed in Lokerse and Weijers, 2009). The expression
patterns of the remaining IAA7, IAA10, IAA11, and IAA17 were
determined by generating fusions of each promoter (1–2 kb
upstream of ATG) to nuclear-localized 3xGFP (n3GFP; Takada
and Ju¨rgens, 2007). Although QC/columella expression could214 Developmental Cell 22, 211–222, January 17, 2012 ª2012 Elsevier Inc.not be confirmed for IAA7 and IAA17, pIAA10
and pIAA11 drove GFP expression in these
cell types (Figures S2C, S2E, S2G, and S2I), as
predicted by the microarray data (Figures S2B,
S2D, S2F, and S2H). We next investigated
GFP fluorescence during embryogenesis and
found that only the IAA10 promoter drove
expression in all suspensor cells and before
hypophysis specification (Figures 3C and 3D).In contrast, the IAA11 promoter only became active in the
embryonic root after hypophysis specification (Figures 3E and
3F), IAA7 expression was specific to the pro-embryo, and
restricted to the proximal root SCs (Figures 3A and 3B),
and IAA17 could not be detected during early embryogenesis
(data not shown).
We next generated mutants for IAA10 and IAA11 in which the
first proline in theGWPP(I/L/V) motif of domain II was replaced by
a serine. This conserved motif directly binds to the auxin-TIR1
receptor complex (Tan et al., 2007), and the P>S mutation has
been shown to prevent this interaction and stabilize the protein
(Gray et al., 2001). As predicted by the expression patterns of
transcriptional fusions, pIAA11-iaa11 embryos did not show
altered suspensor development, but occasional erroneous
hypophysis division (Figure 3J). In contrast, pIAA10-iaa10
embryos showed excessive and altered suspensor divisions
(Figures 3H and 3I; compare to wild-type in Figure 3G; Fig-
ure S2K; Table S2). Consistent with the predicted stabilization
of the mutant iaa10 protein, no phenotypes were found in
pIAA10-IAA10 embryos (data not shown). A double mutant
pIAA10-iaa10 pIAA11-iaa11 showed the pIAA10-iaa10 pheno-
type, consistent with IAA10 having an earlier specifying function.
IAA11 might be involved in subsequent hypophysis and/or
descendent cell fate maintenance (data not shown).
Interestingly, pIAA10-iaa10 phenotypes were weaker than
those induced by misexpression of bdl (compare Figures 3H
and 3I with Figures 1I and 1J). Several scenarios could explain
this result. For example, the protein levels may significantly differ
between M0171[bdl and pIAA10-iaa10, such that a smaller
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Figure 3. IAA10 Cell Autonomously Regulates Hypophysis Division and Suspensor Development
(A–F) Expression of a nuclear GFP reporter (SV40-3xGFP; n3GFP) driven by IAA7 (A and B), IAA10 (C and D), and IAA11 (E and F) promoters in globular (A, C,
and E) and heart (B, D, and F)-stage embryos. IAA7 expression is specific for root SCs in the pro-embryo, whereas IAA10 expression is initially specific to
suspensor cells, and IAA11 marks the hypophysis and its descendants. Note that IAA10 is activated in cotyledon primordia at heart stage (D).
(G–J) Phenotypes of wild-type (G), pIAA10-iaa10 (H and I), and pIAA11-iaa11 (J) globular-transition stage embryos. pIAA10-iaa10mutant embryos display altered
divisions in hypophysis (H, arrow) and suspensor (I), whereas in pIAA11-iaa11 mutants the hypophysis occasionally divides aberrantly (J).
(K) Expression of the N-terminal region of iaa10, fused to 3xGFP from an IAA10 genomic fragment, reproduces the suspensor-specific expression pattern.
(L–N) Expression of iaa10 from a suspensor-specific promoter (pARF13) induces hypophysis division defects (L, arrow) and stronger suspensor division defects
(M, arrow: erroneous division plane) and results in rootless seedlings (N).
See also Figure S2.
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pIAA10-iaa10 embryos. Alternatively, like the M0171 reporter
(Figure 2B), the suspensor-specific IAA10 promoter may be
downregulated as a consequence of (partial) loss of suspensor
fate in pIAA10-iaa10 embryos. Consistent with the latter interpre-
tation, pIAA10-GFP is detectable throughout embryogenesis,
but a functional (phenotype-inducing) iaa10-GUS protein fusion
could not be detected during embryogenesis. Yet, this protein
was detected in the egg cell or zygote and in the postembryonic
root tip (Figures S2N–S2P). To directly test whether iaa10 activity
suppresses IAA10 gene expression, the ARF-interacting
domains III/IV were deleted from a stabilized iaa10-3xGFP
protein. This pIAA10-iaa10NT-3xGFP fusion protein was de-
tected throughout embryogenesis in a pattern indistinguishable
from the pIAA10-n3GFP reporter (Figure 3K) but did not induce
defects.
Finally, we used another suspensor-specific promoter
(pARF13; see below; also named pSUSP; Schlereth et al.,
2010) of comparable strength (as judged by similar levels of
pIAA10-n3GFP and pARF13-n3GFP fluorescence) to express
iaa10. In contrast to the IAA10 promoter, pARF13 does not
appear to be affected by impairment of suspensor identity (see
below; see Figures 7F and 7H). Indeed, we found that this
induced increased phenotypic severity and persistence of
defects as compared to expression from the IAA10 promoter.
pARF13-iaa10 embryos displayed aberrant hypophysis divisionDevelopm(Figure 3L), excessive suspensor divisions (Figure 3M; Fig-
ure S2L), and seedlings from these lines were often rootless (Fig-
ure 3N; Table S2). In summary, IAA10 represents a component of
an endogenous auxin response machinery that cell autono-
mously controls suspensor fate maintenance and root initiation.
Although Aux/IAA proteins are thought to act by binding to
other Aux/IAAs or to ARFs, it is possible that the effects caused
by bdl or iaa10 accumulation in suspensor cells are unrelated to
auxin-dependent gene regulation. To determine whether this is
the case, we examined the expression of an endogenous
reporter for auxin-responsive gene expression in the embryo,
IAA30. IAA30 is induced by auxin (Sato and Yamamoto, 2008),
and according to microarray data (Birnbaum et al., 2003; Fig-
ure S2A), mildly enriched in columella cells. Because IAA30 is
a noncanonical Aux/IAA that lacks the auxin-dependent degra-
dation domain II, we did not include this gene in our functional
analysis. Nonetheless, a pIAA30-n3GFP reporter showed
auxin-inducible expression in the root tip (Figures S3C and
S3D). During embryogenesis, IAA30 expression marked all
known sites of auxin response in both pro-embryo and
suspensor (Figures 4A–4C; Figures S3A and S3B) and can there-
fore be regarded a natural indicator of auxin response.We exam-
ined pIAA30-n3GFP expression in pARF13-iaa10 embryos.
Strikingly, whereas activation of IAA30 in pro-embryo cells was
unaffected (Figure 4F), the activity in suspensor cells was
completely lost (Figures 4D and 4E). Therefore, we concludeental Cell 22, 211–222, January 17, 2012 ª2012 Elsevier Inc. 215
Figure 4. Auxin-Responsive Gene Expression Is Cell Autonomously
Blocked in pARF13-iaa10 Suspensor Cells
(A–C) Expression of pIAA30-n3GFP in octant (A), dermatogen (B), and globular
(C)-stage wild-type embryos. Expression of IAA30 is first observed in the
uppermost suspensor cell at the octant stage (A), remains in the daughters of
this cell, and is activated in lower-tier pro-embryo cells (B and C).
(D–F) pIAA30-n3GFP expression in octant (D), dermatogen (E), and globular
(F)-stage pARF13-iaa10 embryos. Note that expression of pIAA30 is lost in
suspensor cells but still activated in lower-tier pro-embryo cells (F).
See also Figure S3.
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Figure 5. Suspensor-Expressed ARF Genes Contribute to Hypoph-
ysis and Suspensor Development
(A–C) Expression of a nuclear GFP reporter (n3GFP) from ARF2 (A), ARF9 (B),
and ARF13 (C) promoters in globular-stage embryos. Although ARF13 is only
expressed in suspensor cells, ARF2 and ARF9 are additionally expressed in
the lower-tier protoderm of the pro-embryo.
(D–F) Phenotypes in embryos expressing an RNAi fragment directed against
ARF9 andARF13 show defects in hypophysis (D and E, arrows) and suspensor
(F) development.
See also Figure S4.
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inhibits auxin-dependent gene expression.
ARF Control of Suspensor Development
To reveal which ARF(s) may act in suspensor cells, we deter-
mined the expression pattern of each ARF using a collection of
transcriptional reporters (Rademacher et al., 2011). We found
six ARFs to be expressed in the suspensor, of which three
(ARF2, 9, 13) are initially restricted to suspensor cells and are
mostly specific to the suspensor during the stage at which
iaa10-induced phenotypes first appear (Figures 5A–5C; Rade-
macher et al., 2011). Therefore, these ARFs are good candidates
for being interactors of IAA10 and effectors of auxin response in
the suspensor. To determine whether these and other ARFs
contribute to normal suspensor development, we analyzed
embryo development in individual mutants for each ARF gene.
One reference allele was used for most ARFs, and additional
alleles were included for the poorly described suspensor-
specific ARF9 and ARF13 genes. Apart from the well-docu-
mented mp defects (Berleth and Ju¨rgens, 1993), we did
not find robust embryo phenotypes in any of the arf mutants
(Table S3). Different arf9 insertion lines did show defects in the
upper half of the suspensor, similar to those induced by bdl or216 Developmental Cell 22, 211–222, January 17, 2012 ª2012 Elseviiaa10 (data not shown), but these phenotypes were highly
stochastic, and varied between plants and growth conditions.
Therefore, it could not be unequivocally demonstrated that the
arf9 mutation causes these defects. An arf9 arf13 double mutant
was generated, and this showed the same variable defects (data
not shown).
To provide independent evidence for a potential role of ARF9
and related ARFs in suspensor development, we generated lines
expressing an RNAi fragment directed against ARF9 and several
related ARFs from the 35S and RPS5A promoters. A phenotype
very similar to the one seen in pIAA10-iaa10, M0171[bdl or
pARF13-iaa10 transgenic lines was found in these RNAi lines
(Figures 5D–5F; Figure S2M; Table S4). However, due to high-
sequence similarity between ARF9 and a cluster of closely
related ARFs (ARF12–15, 20–23; 55%–61% at transcript level,
56%–60% at protein level), no ARF9-specific RNAi could be
generated, and for the same reason RNAi-induced transcript
downregulation could not be unequivocally determined (data
not shown). Expression analysis of these genes revealed that
in wild-type, ARF12, 14, 15, 20, 21, and 22 are all expressed in
the endosperm surrounding the embryo (Figure S4). We tested
whether ARF activity in the endosperm may contribute to
suspensor development but found that expression of threeer Inc.
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Figure 6. ARF9 and iaa10 Proteins Interact In Planta
(A) Localization of ARF9-CFP (left, cyan) and iaa10-YFP (middle, yellow)
proteins in Arabidopsis leaf mesophyll protoplasts. Right panel shows an
overlay of both signals and the red fluorescence of chloroplasts.
(B) FRET, as measured by FLIM imaging of ARF and Aux/IAA proteins in
mesophyll protoplasts. The FLIM (ns, nanoseconds) of the CFP-tagged protein
(MP-C, ARF9-C) is represented in box plots. The box represents the first to
third quartile of measured values (n is given in each column); average and
median values are depicted as red and black lines, respectively. Extremes are
indicated by a black dot. Coexpression of bdl-YFP (bdl-Y) with MP-CFP
(MP-C) leads to a decrease of FLIM (p value for Student’s t test given in top
of column). In contrast, a protein lacking interaction domains (ARF3-YFP;
ARF3-Y) does not induce this decrease in lifetime. Coexpression of iaa10-YFP
(iaa10-Y) with ARF9-CFP (ARF9-C) also induces a strong decrease in FLIM,
indicating physical interaction between ARF9 and iaa10.
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axr3/iaa17) in the endosperm using 3 independent GAL4 driver
lines (KS117, J2641, M0186; Ingouff et al., 2005) did not affect
suspensor development (no phenotypes in >100 embryos exam-
ined for each cross). Therefore, only the downregulation of ARF9
and 13 in the embryo by this RNAi fragment is expected to be
relevant to suspensor development. Therefore, although it is
possible that coexpressed ARFs (ARF1, 2, 6, 18) also contribute,
or that in the absence of ARF9 (and 13), the closely related endo-
sperm-specific ARFs are upregulated, we conclude that ARF9
and/or ARF13 contribute to auxin-dependent suspensor and
hypophysis development.
ARF9 and ARF13 have not been characterized in detail, and
a critical question is if these proteins are part of an auxin-regu-
lated network. It has previously been reported that only ARFs
with a Q-rich middle region (MR) interact with Aux/IAA proteins
(Shen et al., 2010). Neither ARF9 nor ARF13 has a Q-rich MR,
which prompted the question whether they can interact with
iaa10 protein. Although peptides corresponding to the C
terminus of ARF13 have been found in shotgun proteomics
experiments (Castellana et al., 2008), this seems to be derived
from a noncanonical splice form that we have not been able to
isolate (data not shown). Therefore, we restricted our analysis
to ARF9, for which a full-length transcript could be isolated. To
determine ARF9-iaa10 interactions, we optimized a live proto-
plast fluorescence resonance energy transfer (FRET) assay
that is based on detection of the fluorescence lifetime (FLIM) of
the CFP protein in a CFP-YFP FRET pair (Kremers et al., 2006).
Direct interaction of CFP- and YFP-tagged proteins leads to
a decrease in the FLIM of CFP (e.g., Russinova et al., 2004;
Kremers et al., 2006). The advantage of this assay over other
in vivo methods to detect protein-protein interactions, such as
bimolecular fluorescence complementation (BiFC; Hu et al.,
2002), is that the method detects dynamic interactions, and
results can be quantified and hence statistically evaluated. In
this assay the well-elucidated MP-BDL interaction (Hamann
et al., 2002; Weijers et al., 2006) was confirmed (MP-CFP with
bdl-YFP; Figure 6B). In contrast, MP-CFP did not interact with
ARF3-YFP (Figure 6B) that lacks the domains III/IV that mediate
ARF-ARF and ARF-Aux/IAA interactions (reviewed in Lokerse
and Weijers, 2009). ARF9 and iaa10 proteins both localized to
the nucleus of protoplasts (Figure 6A), and FLIM analysis
showed a decrease in ARF9-CFP FLIM when coexpressed
with iaa10-YFP, indicating that these proteins indeed interact
(Figure 6B).
The coexpression of ARF9 and IAA10, comparable pheno-
types of arf RNAi and iaa10 gain-of-function mutations, and the
ability of the two proteins to physically interact strongly suggest
that these proteins form the core of a suspensor-specific auxin
response machinery.
A Prepattern for Cell-Type-Specific Auxin Response
The biological processes controlled by the suspensor-specific
auxin response machinery—maintenance of suspensor identity
and promotion of hypophysis identity—most likely differ
from the MP-BDL machinery that acts in the pro-embryo to
promote cell-cell communication. Conceivably, these two
machineries constitute a prepattern that allows cell-specific
responses to the same hormonal trigger, provided that theDevelopmARFs involved are functionally divergent. MP is exclusively ex-
pressed in embryonic cells (Hardtke and Berleth, 1998; Hamann
et al., 2002; Weijers et al., 2006; Schlereth et al., 2010), and its
function is required for normal pro-embryo development (Berleth
and Ju¨rgens, 1993; Friml et al., 2003). In contrast, ARF9 and
ARF13 are exclusively expressed in the extraembryonic
suspensor at early stages with ARF9 expression expanding to
the pro-embryo at later stages. To determine if lineage-specific
ARF expression is required for normal development, we swap-
ped promoters between MP and ARF9/ARF13.
To test whether ARF9 is interchangeable with MP, we ex-
pressed a pMP-ARF9 transgene in the weak mp-S319 allele.ental Cell 22, 211–222, January 17, 2012 ª2012 Elsevier Inc. 217
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Figure 7. Regulation of Embryo-Specific MP Expression by SSP Is Required for Normal Suspensor Development
(A–D) Phenotypes of wild-type (A andC) and pARF13-MP (B and D) embryos at four-cell (A andB) and transition (C andD) stage. Note that suspensors in pARF13-
MP embryos are strongly reduced in size.
(E) ssp mutant embryo at late-globular stage shows strongly reduced suspensor size and aberrant divisions.
(F) Suspensor-specific expression of pIAA10-n3GFP is lost in ssp mutant embryos, whereas cotyledon primordium expression is maintained (arrow).
(G and H) Expression patterns of pARF9-n3GFP (G) and pARF13-n3GFP (H) are unaltered in ssp mutant embryos.
(I and J) Expression of pMP-n3GFP in wild-type (I) and ssp (J) embryos. Expression is ectopically activated in ssp mutant suspensors.
(K) Genetic interaction between ssp andmp. The percentage of embryos of which the pro-embryo is at least 40 mm in size (globular stage), with suspensor length
greater than 80 mm, is plotted for wild-type (WT), ssp-2/,mp-B4149+/, and ssp-2/mp-B4149+/. The number of embryos measured is shown on the top of
the graph. Note that suspensor length in mp is indistinguishable from WT, and that ssp mp double mutants are intermediate between the ssp and mp single
mutants. Error bars indicate the standard deviation in three independent experiments.
See also Figure S5.
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phenotype, corresponding to approximately 10% rootless seed-
lings among the progeny of a heterozygous mutant (Cole et al.,
2009; Donner et al., 2009; Schlereth et al., 2010). We have previ-
ously shown that the phenotypic penetrance can be quantita-
tively suppressed by pMP-driven expression of its targets
TMO5 or TMO7, whereas it can be aggravated by RNAi suppres-
sion of TMO7 expression (Schlereth et al., 2010). In four out of
five pMP-ARF9 lines, the penetrance of the mp-S319 mutation
was increased from 40% to 64%–78% (Table S5). Therefore,
we conclude that ARF9 cannot replace MP during root initiation
but potentially antagonizesMPwhen expressed in its expression
domain.
In a reciprocal experiment, MP was misexpressed from the
ARF13 promoter in an otherwise wild-type background.
pARF13 is expressed in the suspensor aswell as the surrounding
endosperm (Figure 5C; Figure S4). pARF13-MP embryos devel-
oped suspensors of about half the size of wild-type (Figures 7A–
7D; Table S6), suggesting that MP interferes with the normal
developmental program of suspensor cells. To test whether
this phenotype results from an extra ARF dose regardless of
the identity of the ARF, we generated lines that carry an addi-
tional ARF13 or ARF9 genomic fragment (pARF13-ARF13;
pARF9-ARF9). These lines developed normal embryos (data
not shown), suggesting that ectopic MP activity interferes with
normal suspensor development.218 Developmental Cell 22, 211–222, January 17, 2012 ª2012 ElseviWe conclude that the lineage-specific expression of function-
ally distinct ARF transcription factors (MP and ARF9/13) allows
for the different auxin-dependent development of both lineages.
Regulation of the ARF Prepattern by a Zygotic
Patterning Factor
The suspensor defect induced by ectopic MP activity closely
resembles the phenotype of the short suspensor (ssp) mutant
(Figure 7E; Lukowitz et al., 2004; Bayer et al., 2009). SSP
encodes a receptor-like kinase whose RNA is paternally deliv-
ered to the zygote, and that controls zygote elongation and
suspensor development (Bayer et al., 2009). To test whether
the defect in sspmutant embryos is related to altered expression
of ARFs, we analyzed expression patterns of all ARFs that could
be detected by promoter-GFP fusions at globular stage (ARF1,
2, 5, 6, 9, 13, 18; Rademacher et al., 2011) in the ssp mutant.
Expression of ARF1, 2, 6, 9, 13, and 18 was unchanged even
in phenotypically severely affected mutant embryos (Figures
7G and 7H; Figure S5A), despite loss of suspensor-specific
IAA10 expression (Figure 7F). This result confirms the indepen-
dent regulation of pIAA10 and pARF13 as suggested by the
different phenotypic severity of pIAA10-iaa10 and pARF13-
iaa10 lines (Figures 3H, 3I, 3L, and 3M). In contrast, however,
MP expression was expanded into ssp mutant suspensor cells
(Figures 7I and 7J). Hence, the phenotypic resemblance of
pARF13-MP to ssp mutant embryos is consistent with ectopicer Inc.
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ectopic activation of MP functionally contributes to the short
suspensor phenotype in ssp, we generated an ssp mp double
mutant and analyzed suspensor length. At late-globular stage
(pro-embryo R40 mm), wild-type suspensors reach their final
length of 80–120 mm. In sspmutants less than 5% of suspensors
reach or exceed 80 mm (Figure 7K; Figure S5B), the majority
being in the range of 50–70 mm (Figure S5). Although the mp
mutation itself did not change suspensor length (Figure 7K; Fig-
ure S5B), ssp mutants segregating the mp mutation (ssp/ssp
mp/+) showed a partial restoration of suspensor length (Fig-
ure 7K; Figure S5B). This result suggests that eliminating MP
activity in the ssp mutant partially suppresses the short
suspensor phenotype and is consistent with a contribution of
ectopic MP expression to the short suspensor defect. These
findings suggest that SSP in part acts through preventing MP
expression in suspensor cells.
DISCUSSION
The root meristem is established early during embryogenesis,
and involves the specification of embryonic and extraembryonic
cells toward SC and organizer identities (Scheres et al., 1994;
Weigel and Ju¨rgens, 2002). Previously, the critical role of
the auxin-dependent transcription factor MP in promoting the
specification of the QC precursor (hypophysis) has been
established (Weijers et al., 2006; reviewed in Mo¨ller and Weijers,
2009). MP activity in hypophysis specification is non-cell-auton-
omous and is relayed by the transport of auxin and other signals
from the pro-embryo to the adjacent extraembryonic cell
(Weijers et al., 2006). The role of auxin response in the incipient
hypophysis and the nature of the response mechanism in this
cell had thus far remained elusive. We demonstrate here that
cell-autonomous auxin response is required for hypophysis
division and root meristem formation. Furthermore, we have
identified components of the transcriptional response to auxin
in the hypophysis and show that their activity differs from that
of the embryonic MP transcription factor. Finally, we demon-
strate that the lineage-specific expression of ARFs generates
a prepattern for cell-type-specific auxin response in
development.
Context dependence of auxin response, i.e., distinct develop-
mental output of auxin activity in different cells, is further high-
lighted by the role of auxin in suspensor cells. Although in the
uppermost suspensor cell auxin promotes the specification
and asymmetric division of the hypophysis, in more basally
located suspensor cells, auxin prevents proliferation and trans-
formation to embryo identity. Inhibition of auxin response in
these cells leads to enhanced division along aberrant planes.
These excessively dividing cells acquire embryo identity as
judged by the loss of a suspensor marker and gain of expression
of several embryo-specific genes.
Transformation of suspensor cells toward embryo identity has
been described for several mutants of the abnormal suspensor
(sus), raspberry (rsp), and twin (twn) classes in Arabidopsis
(Schwartz et al., 1994; Vernon and Meinke, 1994; Yadegari
et al., 1994). So far, analysis of SUS and TWN genes has not
revealed mechanisms of suspensor identity maintenance or
suspensor-embryo transformation (Zhang and Somerville,Developm1997). However, based on mutant phenotypes, a model has
been proposed where the pro-embryo actively suppresses
embryo identity in the suspensor, possibly through chemical
signals (Schwartz et al., 1994). This hypothesis is attractive
because genetic ablation (Weijers et al., 2003) or X-ray irradiation
(Haccius, 1955) of the embryo also induces proliferation and
embryogenesis in the suspensor. We have now identified an
auxin response pathway and its molecular components that
cell autonomously regulate suspensor identity and embryonic
transformation. Whether auxin itself is the hypothesized
embryo-derived signal that suppresses proliferation in the
suspensor (Schwartz et al., 1994), or merely a component of
suspensor identity regulation, remains to be seen. However,
with IAA10, ARF9, and potentially redundant suspensor-ex-
pressed ARFs, we now have the tools to start identifying the
mechanisms of quiescence and proliferation in extraembryonic
cells in plants.
Based on our findings, there appears to be strong cell type-
dependence of auxin response in the embryo. Auxin activates
cell-cell communication in pro-embryo cells, hypophysis speci-
fication and division in the future hypophysis, and suppression
of proliferation or maintenance of identity in suspensor cells.
Our expression analysis of the ARF family (this study;
Rademacher et al., 2011) has shown that whereas some
ARFs (ARF1, 6, 18) are ubiquitously expressed, others (ARF2,
9, 13) are initially specific for the suspensor. Therefore, at
least the pro-embryo and suspensor have different ARF tran-
scription factors to mediate cell-type-specific gene expression
responses. The different developmental output in these cell
types would most readily be explained by different gene
repertoires being regulated by the lineage-specific ARFs. Our
promoter-swap experiments between ARF9 and MP suggest
that these two transcription factors are not interchangeable but
are, rather, to some extent antagonistic. An attractive hypothesis
as to the mechanistic basis for this intrinsic difference between
MP and ARF9 would be that ARF9 and MP have opposite
biochemical activities. Indeed, MP has been shown to activate
a synthetic promoter, whereas ARF9 can repress the same
promoter (Ulmasov et al., 1999).
Furthermore, lineage-specific expression of MP depends
on the early patterning factor SSP (Bayer et al., 2009), which
demonstrates that the separation of ARF expression domains
is part of the developmental program that establishes embryonic
and extraembryonic cell fates. The existence of a prepattern of
intrinsically different, lineage-specific ARF proteins suggests
that auxin accumulation in embryonic and extraembryonic cells
triggers distinct transcriptional changes. Identification of target
genes for suspensor-specific ARFs will allow comparison to
the recently identified genes regulated by MP (Schlereth et al.,
2010).
Different scenarios could explain the differences in auxin
response between the future hypophysis and the remaining
suspensor cells. Based on expression analysis, all suspensor
cells contain the same ARFs throughout development (this
study; Rademacher et al., 2011). A means by which uniform
ARF expression can lead to different protein levels among
suspensor cells would be differential stability of proteins
between cells. Detailed analysis of ARF protein levels in the
suspensor should resolve this question. Similarly, there may beental Cell 22, 211–222, January 17, 2012 ª2012 Elsevier Inc. 219
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between the uppermost and more basal suspensor cells prior
to hypophysis specification. Furthermore, a large proportion of
the Aux/IAA gene family has not been investigated during
embryogenesis. Members, other than IAA10 and IAA12/BDL,
may also play a role in auxin responses in the embryo, and add
additional spatiotemporal diversification.
An alternative explanation for the distinct auxin-dependent
processes in the uppermost versus the remaining suspensor
cells is that the uppermost cell receives more auxin from the
pro-embryo than other suspensor cells. This would be consis-
tent with the higher DR5-GFP expression in this cell (Friml
et al., 2003). However, even when high levels of auxin are exter-
nally applied to embryos, hypophysis identity and its character-
istic asymmetric division remain restricted to the uppermost cell
(Weijers et al., 2006), rendering this interpretation unlikely.
Finally, it is well possible that the upper cell, in addition to auxin,
receives other signals from the pro-embryo that modify its
auxin-dependent gene expression program. The recent identifi-
cation of the TMO7 transcription factor as an MP-dependent
mobile signal that moves to the uppermost suspensor cell
only (Schlereth et al., 2010) will now enable us to answer
whether mobile signals do indeed modify the auxin response
properties of the uppermost suspensor cell to allow hypophysis
specification.
EXPERIMENTAL PROCEDURES
Plant Material
Plants used in all experiments were Columbia (Col-0) ecotype except for
GAL4-GFP enhancer trap lines, which were in the C24 background. The
UAS-BDL and UAS-bdl lines (Weijers et al., 2006), DR5-GFP (Friml et al.,
2003), the pMP-n3XGFP line, mp-S319 (Schlereth et al., 2010), and the
ssp-2 (SALK_051462) line (Bayer et al., 2009) have been described previously.
The seeds of the taa1 tar1 tar2 triple mutant (Stepanova et al., 2008) were
a kind gift from J. Alonso (Raleigh, NC, USA). GAL4 driver lines and T-DNA
insertion lines for the ARFs have been obtained from various sources as listed
in Tables S1 and S5. The arf9-1 and arf13-2 alleles were used to generate
a double mutant. pARF1, 2, 6, 12, 14, 15, 18, 20, 21, 22, 23-n3GFP reporters
have been described in detail elsewhere (Rademacher et al., 2011).
After sterilization, seeds were typically plated on half-strength MS plates
containing 0.8% Daishin agar (Duchefa), 1% sucrose, and the appropriate
antibiotic for selection of transgenic seeds. The concentrations of the antibi-
otics in these plates were 50mg/l kanamycin or 15mg/l phosphinothricin. After
2 weeks of growth on these selection plates, resistant seedlings were trans-
ferred to soil and further grown under a long-day regime at 22C.
Plant transformation was carried out by floral dipping (Clough and Bent,
1998). Embryos were harvested for microscopy between 3 and 6 days after
pollination.
Cloning
Details of the construction of all plasmids used in this study, as well as the
oligonucleotides used, are described in Supplemental Experimental Proce-
dures and Table S7.
Microscopy
For differential interference contrast (DIC) microscopy, ovules were dissected
from siliques and mounted in clearing solution of chloral hydrate, water, and
glycerol (ratio w/v/v: 8:3:1). After incubation at room temperature (for several
hours to overnight), cleared samples were investigated with a Leica DMR
microscope equipped with DIC optics.
For determining expression patterns in the ssp mutant, ssp/ plants were
crossed as male parent with pIAA10-n3GFP, pARF1-n3GFP, pARF2-n3GFP,
pARF5/MP-n3GFP, pARF6-n3GFP, pARF9-n3GFP, pARF13-n3GFP, and220 Developmental Cell 22, 211–222, January 17, 2012 ª2012 ElsevipARF18-n3GFP plants. F1 embryos were analyzed 4–6 days after manual
pollination.
The suspensor length analysis in ssp-2 mp-B4149 double mutant embryos
was done on DIC images of cleared ovules using a Zeiss Axio Imager Z1micro-
scope, equipped with an AxioCam HRc camera. Measurements were taken
with a dedicated tool of the AxioVision software.
For fluorescence microscopy, ovules were first transferred from the silique
to a drop of PBS containing 4% (w/v) PFA, 5% glycerol (v/v), and 1 mM
FM4-64 on a microscope slide. After applying the coverslip, embryos were
squeezed out of the ovules by applying mild pressure on the coverslip with
a pencil tip. Embryos were investigated for GFP signals by using a Carl Zeiss
LSM510 confocal scanning laser microscope and exiting GFP and FM4-64
with an Argon laser line at 488 nm. GFP signals were recorded by using
a band-pass filter ranging from 505 to 535 nm, whereas FM4-64 signals
were taken after passing a long-pass filter of 650 nm.
GUS Staining and In Situ Hybridization
GUS staining and in situ hybridization were performed as described
(Schlereth et al., 2010). The in situ probes have been previously described in
Hamann et al. (2002) for MP, Mayer et al. (1998) for WUS, and Long et al.
(1996) for STM.
FRET-FLIM
For determining molecular interactions among ARF and Aux/IAA proteins in
plant protoplasts, cDNAs were cloned into pMON999 sCFP3A and
pMON999 sYFP2. These are modified versions of pMON999 that carry CFP
and YFP versions optimized for FRET studies (Kremers et al., 2006). Transfec-
tions of Arabidopsis (Columbia wild-type) mesophyll protoplasts, harvested
with a tape sandwich (Wu et al., 2009), were performed as described (Russi-
nova et al., 2004).
FRET-FLIM measurements were performed on a Bio-Rad Radiance 2100
MP system (Hercules, CA, USA) combined with a Nikon TE 300 invertedmicro-
scope (Tokyo) as described (Russinova et al., 2004). For the FLIM experi-
ments, a Hamamatsu R3809U MCP PMT (Hamamatsu City, Japan) was
used, which has a time resolution of 50 ps. FRET between sCFP3A and
sYFP2 was detected by monitoring donor emission using a 470–500 nm
band-pass filter. Images with a frame size of 64 3 64 pixels were acquired,
and the average count rate was around 104 photons per second for an acqui-
sition time of ±90 s. Donor FLIMs (sCFP3A) were analyzed with SPCImage 3.10
software (Becker & Hickl) using a two-component decay model. Several cells
(n > 14) were analyzed, and average FLIMs of different combinations were ex-
ported for generating a box plot. Statistical significance of differences between
samples was determined using a two-tailed Student’s t test.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures, seven tables, and Supple-
mental Experimental Procedures and can be found with this article online at
doi:10.1016/j.devcel.2011.10.026.
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